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A nays of radio tclcwcopcs aIe IIOW rout illc]y used  to ])rcwi(lc  iIIcIcasd sign al-tc)-lloisc

W]l  CII  OIMCIVjIIg  fai]li, ])oi]lt sources. llowwcr,  calculation of tl]c acllimwldc  sensitivity

i s  ccm]ldicatul  if tlIcIIc  aIw sources in illc’ fic!l(l  of Vi(!w Otllm  tllall  tllc target  Sc)ul”cc!.

‘J1lICSC add i t i ona l  SOUKCS IIOt oIIly jncrcwsc  tlIc systcnl  tc]n]wraturcs  of the jll(lividual

aIItc II IIas, but lnay alsc) c.o]ltrihutc sip,llificallt, ‘f COIrClat  CXl nc)isc.’> to tlIC Wectivc systmn

tCIIIIKmtIIIC  of il)c array. ‘J’his l)roMcmI  lIas  lxwn of 1m14iculal  illtmwt  in the context of

tracki]lg  spacc!craft  in tlIc vicinity of radiwl)ri.gl)t  IJlal)cts  (c.o. Ga]ilco  at Jul)itcw),  l)ut it

lIas broader  astronolnica]  rclmwIIcc  as u!cI1l. ‘J’llis  ])ii])~]  ])1’CSQIItS  a g[IIIcral  forlnulatjon

of tll IC }) IcIIJlcmI,  for the case of a ]wint-lil;c  t aqyt sourer in tlIc l)rcscmcc  of an additional

radic)  sourc.c  of arbitrary l)]iglltn(xs (list ribu(jon. \\’17 rc-dcril’c tlic wrcll knowII r e su l t

tlIat, ill the absence  of aIIy l)ackgroun(l  sources , a ])1 IasQ(l allay of A’ i(lc]itical  alltcmnas

is a factor of A’ IIIOIC scllsitivc.  t]ian a sillglc  aIItcIIIna. ]i’(’ al SO S]IOW t]lat all 1[71])// 0S(’[/

array of A’ ](lcvltjic.al  aIIt  CIIIIa S is, on average,  lIo lIIOIC  s(msitivo tlIal I a. sin.glc a])tc’]]]la

if tllc s i g n a l s  fm]n the il](lil’idual  alltelllias  arc colnl)illcd ])lior to ddcc.tion.  111 t,l Ic

case  wlIcrc a b~Cli~l’OUlld soulc.c  is ])lwc]lt  N’(I Sllolv  that  tlIc Cfrocts  of cordatcd IIoisc

aw higll]y  gcmndry  dqNNdcIIt , a]ld for SOIIIC  astro]lo]l)ical  ol)servations  IIlay c a u s e

sigllific.allt fluctuations ill tllc array’s eflkct ivc sys( cm t c’m])(’raturc’.
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1 lllh’oclud)ioll

Arrays d radio  tclcscolms  call bc usd ]Iot oIIly to IIIap cxtcIIdccl  radio  SOUKCS,  a]ld

IIIakC lIigl  I accuracy ast]mnctric III CnSUImIICIIt  of jK)iI Ii sourc.m,  l)ut, i]i a  ‘(j)l IaSCC1-:LI’Iaj~”

IIIodc,  tc) l)rovidc  illc.rcascd  sigllal-tlc-l]oisc  WlICII c)bscrving;  fai]lt  l)oi]lt sources .  l“m cxamplq

tlIc  l)llasccl-array  V1,A js IIOW regu la r ly  usd for l)ulsar  tinlillg  olxxmwtiolls  (c. fl.  ‘J’l IOImttl

1991 ) and V],]]] cxpcri]ncnts  (rl’l  IO InI)SOII, MoraII  and SNWISOII  1986, and rcfcIcIIcx!s  tl]crci]l  ),

aIId was arraycxl  with a]ltlc]l]las  at lJIc tll IC 1 )Cc:l) Slmcc  NT CtJVO1’li Co]n])lcx in Gold skmc for

incrcasd scmsitivitfy  i]] tclc]ndry  rcccptlio]) during  Voyag;cr)s  Ncl)tlunc  C]lcounkr  (StoIIc  a]ld

Nli]]cr 19S9; 1 IIOWII cl. al. 1 990); a varidy  of arraying sc.l IcIncs arc being; co]lsidc:rcd for

Munchy  ]wxptio]]  duri]l:;  tlIc  Galilm slmcmraft’s  toIIr  of Jupiter  (G. I{cscI1,  lmscmal  mm-

IJ]llllic.iltljo n). ‘J’lloug]l  tl]cm l]avc bum cxtmlsivc discus  sicnls  of tllc sensitivity iliatl call bc

oljtlaillcxl  ill all il]tclfcrol))ctric  ilnagc (C:.fl, ‘.l’l]ompso]l, Moral)  and Swcnso]l 1986, [p]). ] w)-

1  68 ] ;  l)crlcry,  SclIwal~ and IIrid]c  1 9S9 [Cll I;Iljs.7,22,’2Jl);  Mc.Cullcmgl I 1 993),  trcat]ncnts  of

]]o]l-i]nagi]lg  applicatio]ls  of arrays IIavc bccII lill)itcd  (c.fl. ‘J’l]olnpso]l, Mm-all  a]ld Swcllsoll

1986 [pp.308-31  O]), al~d i]l some c.ascs, lIot cvltircly  accurate. ‘1’llis  palm pIwcIIts a g;c]lc]al

forlnulatio]]  of tlIe cffcxtivc  gaiII a]]d tlIc  cl[”cc.tivc systclII  tclnl)craturc of a]] array of a]ltcn-

]Ias, al Id discusses i]) dcptl  I olIc of t411c problcl  Ils pee. ul iar  to the usc  of plIascd  arrays h obtlai]i

]argc: collecting areas, lJIat  of tlIc  ‘tcorrclatul  ]Ioisc’) flwlll cxtra]lcous  sc)urccs iII tlIc  a]ray’s

fic]d of view. ‘1’his  l)roljlc]II lIas I)Cc]] of particular i]lkwst  ill t,l)c CO] ItCXtl of t]acki]]g  slJacc-

maft i]) t,l Ic vicinity of ]adio-brigl]t  plaIIcts (r., g. CJalil(w  at, Jupiter [l)c~vcy ]{){)2]), l)ut  i{, l)as

broader astfl()llol)licall  clci~:tl)ccas  Jt'cll,l  ):(lticlll;lllyt{  )tllccz tlil~lati(jll  of \~l,lll  cxlmilncllts.

‘I’llcl~~~l~cli  so]g;a]lizc{l  as follows: Scc.tio]l 2 dmil’cs  cxl)]wsio]]s  for tlIc  cf[’cctivc  g;ai]l  and

s~tst,~lll  t,~:l]]pc:],at,llrc  of a]] a]ray, a]ld for t,l Ic co]lt]il>lltli[)]]  of corrclal,  cd ]loisc to tll C cffcctlivc

Syst,c]]l  t,c>ll-l])c!l’il  t!lll’c:s. ‘.I’IIc  case considered i]] fai]]y  gcmcral: a lmi]ltl-like targd  SOUKC i]l

tl]c  l)rcscu)cc of an addit ional  radio sourc.c of arl~itralj’  l~rigI;lIt]Icss  distriblltio]l,  olmncd l)y



a  array of Al l~ot-l]cccssaril  y-i(lclltic.tll  klcsc.olx:s. 11] !ktion  3 Ivc usc  tl)mc cxl)rcssiolls  to

cxall)inctllc  effects  of corrclatd  lmisci’or  a realistic astronomical okwil~g  situation, wl]icll

illustrah  that tl]c  cfrcxts  of corldakd  noise lI)ay bc large (Colnl)arahlc  to or greater than

otllcr  col)tributiolls  to tllccflcctil’csystcl)-]  tel)]pcratfurc)  al]d lnay vary significantly on short,

till)c scales. ItOr tllcsalic  CJfcollll)zlc.tllcsst  l){: Clclil'atiollsof  a 11111 ]ll.)(:lo fcxl~lcssiol~s~  lsccl  in

IIlaill  text  arc rclag;akx]  to al)l)clidiccs. Al)lxvldix  A exal)lillcs  tl]c  vdtag;c  fluctuations ill the

a r r a y e d  sig;llal,  Al)l)cl)dix  13 dcri~~cs cxl)rcssiolls  for {IIC sjxxtra]  l)o}vc]  in t,llc  arrayd sigl]al,

a]Id Al)pcmdix  C dcrivcx  tllc opt, ilna]  forln  of t,l)c wcigl]tillg  f a c t o r s  to usc  wl]cn colnl>illing

tl)c  sig;nals  fro]]] tllc il[dividual  alltcllljas,

2 l’)ffmtivc  gain and system t e m p e r a t u r e  o f  an array

ltor a sillglc  allknna  of gain  G and systcm tcl)llmaturc  7’ ol~scrvillg a  source  o f  flux

,$’c), the sip;llal-ilo-lloisc  in a sil)glc polarizat,ic)l~  and Illlit tilnc  and f r e q u e n c y  illtcrval call bc

~!?jj t,t,~l 1

7<.sN = ~ ,$’~ . (1)

Note t,l]ai all tllc illforlnatiol]  aljout, the sensitivity of tllc alltcnna and the front-clld  rcc,civcl

is colltaillcx] in tl)c  krm G/7’; SO dq)cmds  only  01] tllc sourc.c. ‘1’hc quantity C;/Y’  is colnmoIIly

used  as a “figlll(:-of-ll-l(:lit” to dcscrilw.  tl)c  scnsit,ivitj’  of a lmrticular  ank])na.

1 lcrc w: derive all Mcctivc  g;aili, L’c, and an cj l’dive systcm tcmpcu’aturc 7 ~fl for an

array.  A] Jalogous  to tl)c  sIIIglc  aItt, cIIl  Ia cm(!, tl]csc  qualltitlics  must satisfy

If Lhc total rcccivcd power ( including systcln  IIoisc ) l~cr ul~it bal)dwidtl]  in a  s i n g l e

polarization, is l~; , and l’~z’rg(’(’ i s  tll)c portiml  duc to tllc t a r g e t  SOUKW, ihc sigllal-to-lloisc
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(3)

call l.w writtcl]

is sl)own i]] Apl)clidix  A  that,  WIICI1 tlw siF;llals  flu)) t,l)c array clclnmits  arc SLIIIImCd Imforc

dctcctio]l  Al)x = I\; just  as  for a si]lglc aIItmJ]]a, lkjuatiol]  (3) call thml  k writ)tm]  so

P:y”
~ . s e ! = - j i - ;

iUId tlIC drcc.t117c  gZIIII Of tJIC a]]’a,y M

(4)

(5)

(6)

111 tl)is papcx  lvc co]lsidc]  tlic case  lvllcl’c  Lllc “target Sou]xw’) i s  poillt-lilic,  IIas a total

flux SO al]d is locatd  in a diwc.tiol)  SO. IJol’ tllc ])tlrj)oscs of t h i s  discussio]l  ‘(poilltl-li]ic’”  call

hc l,aliC]l to ]nca]] s]nal]  co]]]l)ad to tlllc  sy]lthcsixcd  bcaln  of tlllc amay  01 , cquilnlcntly,  u]l]c-

solvcc]  o]] a]]y array bascli]lc. \VC assume t$llat< Illcl’c is also a baCligl’OUlld  Soulcc  (01 sources)

‘~’k~”c’  aIId I>]ig;l]t]]css  dist,]’jbutlion  l~’k~’)C1(&),in tlw auay’s field o f  v iew,  wit]) total flux ,$

IFor si]]]p]icity  wc assu]nc  tlllat botl]  SO aI]d J “k~’’(’(&) ale co]lsta]lt  i]! time al)d do not va]y

al)l~]w.iably  wit]] f]cquc]Icy  across tl)c  lmIIdJI’icltl]  used  for tfl)c  oljscxva.tiol]s.

\?Tc aSSIIIIIC t,]]at tlllc  a]ray is COIII])OSCX1  of AT al)tc])])as ,  IIol,  ncxcssaril.y  idcl]tica].  ‘1’hc

coo]di]laics  of tlllc it}’ antc]]l~a am q~wsc]]tccl  l~y tl]c  lwtor ~~, i t s  o n - a x i s  gain  by G’i a]ld

its Systc.n] tc]ll])c]’zltllll’c  (1001  iillg  at a]) ‘icl]ll)ty’) field) by 7:. 1]] addition wc: assu]]]c:  tl]atf  all

tllc a]ltcm]las i]l the anay am poi]]tml  i]] tJlc di~cc.tiol~  & (i. [. ijcnvad  tllc ta]gctl  soulcc)  a n d

t,l)at  all tll(: a]]tjc]]]]as  usc Lllc: sa]]lc ha]ldwidtll.
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‘j’l)c  purpose of auayil)g  is to coml>inc {Illc signals from  the AT alltcnnas in such  a way as

h lnaxilnim  ihc sig]]al-tfo-noise o]] illc tarp;cl  sou~cc. ‘1’0 this end, undckctcd  sig;nals  fro]n

cac]l antcmlla  arc dclaycxl,  l)llasc-sl]if~cd,  and  sulnmcd, Jvitll apl)ropriatcly  cl IoscIl wcightil]g;

factors (r] ’lIOInpSOIl, Mo)an a n d  Swcnsoll  ]Wi [pp.30S-310]).  ]fq(v,t) rcprcscnts  volhgc

J-l’oIll it” alltcnl]a a t  t ime  i and frcquc]]cy  v (SCC  A])pc]ldix  11, LIIC anaycxl  s i g n a l  c a n  Ix:

writkn

?),,(l/,  i)=- ~li~,c-’~’~’’l)i,  i/ii-l T:)’)  . (7)
i,: ]

‘1’hc illscrkcl  %odcl” delays,  ?_/’L, alc clloscll so  a s  to compcl]sat]c  for clclays sufl’cml  by a

sigplal  from clircctim]  6., and can lx: c.alculakd  [1 pt’iori. When the array is p]opcr]y  pllascd,

tlIc  values of fl~’, the inserted ‘(]noclc]” phase-shiftjs, a~c CI1OSCW so as to compensate fcw

random p]lasc  diffcmnccs  bctwccll al]tcllna, caused  I)y media and llardwaw  cfrcds, ‘1’l]csc

p]]asc  corrections arc not known  o y?’iori and ]nust lx: dctcnnincd  in rca] tilnc. ‘J’hc wciglltill!;

factors, l’l~j, can k choscm to maximize: sig;llal-tlo-l  ]oisc in Lhc summed signal. WC assume

t h e y  am nomalizcd  such  that >.~i wi2  = ~ 1, and lYIIcI)  ca]lcxl  for,  usc  tllc a p p r o x i m a t i o n

~~~i ~ @~/7~ ~~,],jc], js stljc~ly Va]j(l IV]ICII  t,])c llojsc cont,lil>ut,io]l  O f  tfllC  baCligl’OUlld  SOUICC

CaII bc ig]lorcd  (SCC  Appcnclix  C). It SIIOUIC1 bc noted tlIat tl]c  cldails of IIow the ddays  and

phases  arc inserted, or tllc frccjucncy  to wl]ic]] tl]c  si!;llal  is mixccl before va]ious stages of

tjllc processing arc arc imdcvant  for tl)c  puq)osc c){ this calculation.

‘J’hc total ]Jowcr 1X unit  bandwidtl]  ill the su]n]ncxl sig]~al is givcll l~y

WlICl>C  alig]c  bl’aCliC!tS clcllc)tc:  tilnc  avclag;illg,  al]cl * denotcx  comp]cx  colljugatc.

As  sl)own in Appcnclix  11 this can h rc-wr i t ten in a II IC)IC: l)llysicall  y in fc)rlnativc  fOIIII,

(9)
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WIIC]C l~(; -- &)  rq)rcscmt,s the syI)tlIcsizcd beam of tl~c array (SCC  ltquatjoll  [46]), and ) (S)

is tllc total brjgl]tncss  distril>utic)l),  jllcludil)g  targctl  SOUIC.C, 1]1 gcmmal tl)c  sy]]t,l]csizcd I>cal]]

11(S -- &) has a lwgc Iiumhcr  of l]igll  sidt!lolms; tllcmfom  regions of tllc souIc.c well removed

froln  SO m a y  colltril)utc  sigl]ificalltly  to Llic su]nmcd pow:]. ‘J’l]c  Inorc compact tlIC a r r ay

is, Illc  lalgcr tllc rc:gion  of sky c.ovcmxl by i,llc  syl]tllcsizcd  bcaln ]Jatkrn.  If the ljrig;]ltjllcss

[]jst]j])ll~joll ./ l’A~”d js pat,c])y,  t]ic  alnountl  of ]Jo\vcl  cc)l)tril)utcd  by tllc siclclolxs  will c]langc

as t,llc: orientation of tl)c  sylltl)csjzccl  beam ])attml)  011 tltc  sky cllangcs.

Ap])clldix  I) a l so  SIIOWS  that l)X can  bc ~~lit,tcn ill tcr]ns of t,l)c SOU]C.C vjsjhjlit,jcs,

Miglld  .w] IC!l’c! Vik 1s l,l]c nolnl.alizcd  visjl>ility of tl)c  l~aclfgroulld source 01] the i-k basc:linc  (see

‘hkg’ld  is t,llC iota] flUX O f  tllC llaCJigl’Olllld  SOUI’CC,  allcl  fiqti = ~), –  #J~’ jsl’;cluation [48]), S

tl]c  diffc!rcnck l>ct}vcc])  the actual

corrcctjoll,  f+?.

‘J’l]c  SUllUllCd])OWC1’ ducw]]y

pl]ascsl)if(,, +, a t  t,]lc i~~’ alltlcnlla and tl~c insmtcd p h a s e

>talgd .to ihch]’get  Soul’cc,  l); IS

so from ltquat,ion  (6) it follows that

(i



so it follows from ljquations  (5) and (1 O) illat,

= f= w,’ [7;, ,WwJ,] +
i= ]

wlIcrc  G’i represents the gain of IJIC it”

(14)

anklllla  in tllc dircdion  of tlIc  background source.

‘1’hc first km in the above equation is tllic  weighted average of ihc systcm tcmpcraiurcs

(il)cluding  the conhibutio,]  from the background source) of the Ar antcn,,as.  ‘J’l,c s econd

tmn in ltquation  (14), LIIC sum over all baselines, rcprcscnts  the corrc]atccl  noise,

llotlI Gc, and Y;, depend, t])rough  f~i -- 6~k, oll the p])asc  shifts q$~’, and ~~ wl]icl]  arc

il]scrtlcd to correct for the ranclo]n  antcm]]a-based ])hasc  shifts. ‘J’hc cffcctivc gain, and in all

but pathological cases, tkc signs]-to-noise, will bc maximized when 6#i – 6#k == O for all i, k,

If  this  condit ion cannot  bc fulfil]ccl, G’cfl Ivil] bc less tl)all  its optilnum  va]uc.  ltortunat,c]y,

sillcc  tl)c  cjuantitics  V~~ arc complex ,  phasing  tllc array dots not ncccssari]y  lnaxilnim  Y&fl.

d u cc k)
h, h~

(16)

a 1“) d

‘J’l]csc cxprcssiol~s  take particularly  silnl)lc: forll]s  ill the case of an array of identical

alltcllllas, wl)crc  for al l  i, ]Vi =. 1 /~Ai, 6’; = G and  ?; = 7’:

(18)

7



\

. .

and

(20)

‘J’])  ougll for an cxtcndcd  array Y:orr appmac]]cs  zmo, for a compact  array it lnay Ixxome the

do]l”lil”lallt,  colltl’ibut;oll  to 7$. 11’or a compad  auay of identical antennas 7$. w (AT – 1 )~,SbL@C~.

It( sl]ould  bc notcc] that for so]nc  gco]nchics 7~C,11  < O; however the total  contril]utioll  of the

Ijac.kgyoul  ICI source, (G’S1’k@’d -{ 7&or1, for idc])tic.al  aIItcnnas)  is always ]Jositlivc.

It is also instinctive to consiclcr  the case of all unp]]asccl  array of identical antcllllas.

l]t this case  ~~’ =- ~~ = O  a n d  fdi == 4;,  h$~ =’ dk. ,Sincc tllc antcmna  bad ])llasc-sl]ifts

h, dk alc ~lllCol~ClatlCd  l~Ctwccl~  alltcl~llas  all(l vary  witl] tilllc, tl)e  cffcctivc gain  a n d  systcm

tcmpcnaturc  vary with time as WC]]. 11’or truly  randol]l  p]]ascs,  the sum over the AT(AT – 1 )

antenna pairs in ljcjuations  (1 2) and (14) is, on average, zero. It follows that, for  al) unpllascd

array, {hc avcwagc  values of Geff and Y~f~, Y}orr arc giwn hy

(21)

(22)

ancl

(7:0,,) =- o . (23)

It lIas been s t a t e d  (rl’lIOmpSOII, h~oran  a n t ]  SWC]]SOIJ 1 W-M [p.309])  t ha t  al) unphascd  array

is I]1o]’c sensitive, by a factor of iAT, than an sillglc  o]c]nc]]t.  1 lo~vcvcr, it is c]car from  tlIc

above analysis, that tfllis is l]otl  tllc case. ~’l]c response of an unphasc!d  array of iclcntica]

alltcnna is, on average, iclcntic.a]  to tllc rcspo]lse  of a single Clc!mc:l]t,  if the antclllla p}lascs

(di, #k) alc truly  U]lcol’1’elated. ‘J’llis  is a diwct  result of tlhc fact tl]at wllcII the signals  from



tllc individua]  antenna.s  arc summed prior  to dckction, t,hc power in the sumlncc]  sigma]

duc to the targd s o u r c e  gro~vs 1)0 faster than tllc ])olvcy duc to no i se ,  unless  tllc array is

pl)ascx] (SCC Appcndixscc-noise). A fi~il)cmascin  sigl]al-to-noise can lm obtainccl  from  all

ull]>llascd array if the signals from tl)c  individual antcllllas  arc dc!tcxtcd  l~cfom the sulnming

is done. II] this case, tllcm is nc) furtl]cr illlprovclnmt,  if tllc array is pl]asccl. An  ana logy

can 1x: II)adc  to tl]c  case wl)cm  signals of opposiic:  polarizations arc sulnlnccl.  If the signals

am added aftm clctcction  sensitivity is incrcascd  by a factor of /Z; however if sigl]al arc

combil]cd  before detection as maIIy  conlpollcnts  cancc]  as add in phase,

3 D i s c u s s i o n

ltisuscfu]  tocxa]llillct  lllccfrccts{)  fcolrclz~tc(l IIoiscin  thcconkxtofa  realistic asho-

IIc)lnical  obscming scenario. \4~cco11siclcr  tllc:casc~ ~Tl](:]ctl  lc]]l]asccl-arla~~  V1,A isuscxlas an

clc]nc]]t  i]) ~-band  V],]]] olxcrvations  of LIIC COIW of a radio galaxy similar to (7ygIIus  A

‘J’hc VI,A is moclcllcc]  as an array of 27 idcntica] 25 meter antennas.  \Vc usc the C-

band (5 G]]  z) antcma para.]nckm ]istcd i]) t]lc  ( V1,A Ohm’vdijol)al  ,$iaius ,$ummary,  fifa~~

1993),  spccifical]y,  0.1 1</Jy  gain, ( ; 0 1 <  zcnitl~  systcln  tcmpcrat,urc,  ancl 9 arclnillutc  half-

po]v(!~ l>cam. WC  u s c  t h e  a~ltcnl)a spacil)gs  listc’cl in ‘J’hompson cl a l .  ( 1 9 S 0 ) ;  minimum

and lnaxilnum  lmsclinc!s  am, rcspcdivcly,  0.S and M kln (A-collfig~lla.tioll),  0.2 and 11 km

(1~-col]fig~llatioll),  0.0S and 3,4 lilll (~-co],fig~]~iiti{)ll),  and 0.0L4 and 1.0 kn] (1)-c.ol]fig~llatiol]).

‘J’]]c qua]itati~~c  cflccts of  correlated IIoisc’ can  l)(:cII SCCI) ~~ith a cluiic  crude nlodc]  of a

radio  galaxy with a faint core,  and ljrigllt,  lohc:s. MJC a usc moclc]  pattcrl]cc]  rougl)ly  a f te r

~;ygnus  A (Mitten ancl l{y]c 1969; ~a.rilli  c1 al. 1991): a radio galaxy wit]] 10I>cs clc!scribccl  by

t w o  cil’c.ular  gaussians  (40 arcsccond  1/c wiclth),  separated by 2 arclninuics  wit]) tllc COIC

nlidway  bctwccn  thcIn. ‘1’llcrc arc hot spots at, illc cclp;c of each 101>c also dcscril~cd  by circular

~aUSSiaI~S (4 alcsccollcl  I/C ~fri(ltll).  ‘J’llc  ~otal c~-l~alld  flIIx (excluding the cmc) is assu]nccl  to

Cj



lm 350 Jy, of which  300 Jy ;s ;n the lobes, and 50 Jy in the hot spots.  II] odcr to assess the

cflcc.k  of diflcrc!nt  source gc!omchy  on the cor~clatc~l IIoisc we Calc~llatc 7$ for 45 clifrc~~:l~t

orientations of the sourc con the sky, OLhcr changes ill gcomchy  (such as varying  the exact

l o c a t i o n  oftllccorc  ortllc!l~otsl]ots)  llama lllllcll  slll~lllc~  cffcctoll  ~$f ~l~all  CJ~allgcsill  tllc

ovcral]  source orientat ion.  ]Jigurc  1 plots  7$. VCISUR  hour  ang]c  for the four cliffcrcnt  array

configurations, ancl 45 di{rcrcl~toriclltatio]~s  ofthcsurccon  thcskyo  ltac.h point ofthc graph

concsponils  to the cfrcctivc tcmpcratu~c  at a given hour  angle,  for  a particula~,  random]y

cl)oscn,  SOUI’CC  oricniation.  ‘J’hc variation of 7~fr wit]] hour angle for onc SOUICC orientat ion

(that  concsponding  ap]noximdcly  the tmc oricl,tatficm of ~yg A) is shown  as a solid l i ne

to il)clica,tc  t]lctimcscalcoll  w]lich Y’j varies. It is clcarfroln  tl)clalgcscattcrof  poink  in

]“ig;urc  1 that  7~fl jslligl]lygc:olllctly  dcpcndcntl,  and tllcrcfolclllayl’aly  sigllificalltly  }vitll

hour  ang]c.  ‘I)hc SOUKC conhibutcs  al]out 351{ to tl)c  systcm tcmpcraturcof  each antenna,

a]ld for all hut the most  compact configuration tlhc avcmgc  contribution  of comclatcd  noiscis

zero. ]n the c,ompact  1)-configuration  the awxagc  comclatcd  noise contribution  is 81{, but  it

js l]igh]  y variable: over all the gcomchics  considcrc(l,  the minimum 1 )-anay  conclatccl  noise

c.ontrjbution  is – 101< ancl Lhc maxi]num  is -i 1351<. ‘1’hc variability is less prollouncccl  ill the

lnorc  cxtcllclcd  array configurations: in C-array the ]ni])i)num  corrclaiccl  noise contribution is

- 8 K, iJIc maxi]num  +-25 K; in IJ-auay tl]c  minimum is –4 K, tllc maximum +-6; in A-array

tl]c ]ninimum  is –1 I< and the maximuln, +2 1(,

l~or sources with less small-sca]c stmcturc  the colrclatcd  IIoisc contribution will show lCSS

variability o]] sl)ort  time scales, but  may still bc significant,. F’or the ~ral] supernova ISclnllant,.

with a  dialnctcr  w 3 arcminutcs  and al] 1,-lmlcl flux of w 1000 Jy, tl]c  correlated noise

contribution in 1,-band  pl]ascd-Vl,A  (1 l-array) obscrva.tions  ra]]gcs  smoothly from w 100 K

at transit,  to N 2501< at large hour  angles; this  co]]tdibution  is larger than the w 90 K

c.ontrilmtion  of the rc]nna]]t  to tfhc systcm  tcmpcratum  of an individual antc]lnao

Witlh currcllt  rcccivcr sensitivities tllcrc only a fcw sources where the correlated noise

10



.

. .

cffcds  wjll bc as pronoul]cd  as in the al~ovc cxan)plcs.  1 lowcvm thcm a]c many soumm for

\vl)icl]  conc]atcd noise may l]avc a lncasurablc  cffcd 011 scnsjtivjiy  which  should bc accounted

for wl]cn designing cxpcrjmcnts  ancl calibrating data.

1 would like to thank G. l{csch aucl J. Ulvcstad  for careful readings of the manusc+pt

and for lnany IIclpful  discussiollsc ‘J’his  work was pcrformccl  at the Jet l’repulsion l,al)ora-

tory,  opc!ratcd  1>37  tl)c  ~alifomia  ]nstitutc  of ‘1’cchnology, under contract  with tl)c  Na t iona l

Aeronautics and Space Administrat,io~].
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Figure Caption

Figure 1: ‘1’I]is figure plots  7$ff vs. hour  angle for tlIc  case  wlIcm  the phased-array VIJA k

USC(1  to observe the core  of a -raclio galaxy simila]  to Cygnus  A; the four pands  conwspond

to tl)c  four array configurat ions of  the W,A (A, l), C;,])), lkh panel shows 7$j vs. hour

angle points  for 45 orientations on tkc sky; each point  plottc(l  concsponcls  to 7$f for a givcl]

1 lour  angle and given source oricnktion. IJor onc  SOUKC orientation (approximatc]y  that of

~yg A) y$ VS. hour ang]c  is shown as a solicl  line  in orclcr to indicate tlIc  timcsc.ales on

}~])ic])  q’$j  vanes.
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Appendices

A l~luctuations  in the a r rayed  s i gna l

.

III this section we consider  the fluctuations in spectral powcx of the summccl  signal, and

lnotivatc  the statement that Al’z = IJx, whmc l)X is tl)c  spcc.tra]  power of the arrayed signal.

‘1’hc complck]y generally derivation is left to readers with a large supply  of scratch papc~.

‘J’hc  basic expression for the fluctuations in the instantaneous spectral power is

Al’z = ((lvx(v)i)l’  –  1~)’)’j’  = [([z@,i)14) – I’E2]1’2 , (24)

where  OX is given by Equation (7), For this calcu]atioll it is uscfu]  to work  with the real  ant]

imaginary pah of the signals explicitly and u’e will write

(such that OX = ~~[z~ + y~)]), where X;, y~ arc ze ro-mean  random varial]les,  W e  a s s u m e

that for a givcll antenna xi and y~ arc m~corrclakd, ancl that they have identical statistical

l)ropcrtics  (mean, variancx etc.). It is uscfu]  to note that, with these assumptiol]s

(x,) = (y,) = o and (x,’) =  (y,’)  =  : , (26)

Jvllcre 1)~ is the spectra] power at the it)’ an tenna .  llsing the fact that for  a. sillglc  antcnlla,

A])., == J:, we can  write

]:’ = ([2/+ yi’]’) - I:’ = (w’) i- (?h4) + 2(zi2)(3/i2) - l’i’ (27)

from  which it follows that

(xi’) = (lJi’) = ~:;~ . (2s)

llctunlillg  to the summed signal, the spectral powm in the summed signal  can bc written

JVx(v> 1)/2 == ~ W,(Z, + i?,,) ‘f 11’,(X, -- iy,)

i=] k=]

14



so,

(29)

(30)

i=] k=] /=1 ??2=1 ;=1  ,k=l /=1 m=]

N N N N

W, 1)~ = l’~ = 1)) wlIcrc  l’kluation  (31) l>ccoIncs

and l;quaiion  (30) bccomcs

N N

WC then examine two l imit ing cases and show that  Al’E = l)X holcls  for  bo th ,

first case wc assume that  the signals at the antcnl)as  arc compldcly  ul}comclatccl;

second wc will assume that tllc signal  at all tl]c  antennas arc colnplctely  colrclatcd,

tlllat, sigl)als  at onc  antenna is exactly the same as tl]c  signal  at every otllcr  antenna.

II] tl)c  case where the signals at all antlc]]nas arc uncorrclat,ccl  we note that for ~

(32)

(33)

113 t h e

in the

in fact

#k

(34)
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Usil]g  these cxpmssions,  l’kluatioll  (33) bcco)ncs

When tkcsc arc expressions arc sulxtitutcd  into IJquation  (24) wc have

as rcqui rcd,

(35)

(36)

(37)

(lv~14)  =  (W4AT4(X4  +  ?J4 +- 2x2y2))

c: lJ~4N4((x4)  +- (?/4) +- 2( X2)(Y2))

a n d

(38)

(39)



(40)

IOquat,ion (24) then rcxluccsto

Al)~ . ]4~2ATzJ~  ~ ]&l~

as rccplil’c(l.

D Expression for single-dish, correlated, and arrayed spectral power

‘1’hc voltage at the ith an tenna  can bc written

v~(v, i) = ci~” ~J’@dA- ~o)so(l,,s)c’’”’’[’-~l  +-v;(v),)  . (41)

‘]’hc first t,crm in this e q u a t i o n ,  v~, is the ranclom  noise voltage, ancl the scconcl term is

the voltage clue to dcstial  sources, where CO(V, S) is the electric ficlcl  at the origin of the

array,  clue to radiation from the direction & at frequency v; g~($ — 60) is the ficlii pattern

of tllc it” an tenna  (dcfinccl such that g~(0) =: Gi,  where Gi is ihc on-axis gain of the Uh

“~h of the antenna from the origin; ~; is a phascshift  clue toantenna); r~ is the clisplacemcnt ?

media and instrumental dfccts particular to the it~i antenna; c is the speed of light and kB

is IIoltzmann>s constant.

‘1’hc correlated spectra] power can bc written

Pik(lj) =  (eW-4T) v~(v, i + T;’)  [uk(v,i + T~)]*)T

[ J/

,n~c~] + v~(l,,i +  T~) x

= ~B (e~(~~-d~)  c~di
d.$  (J~(6  –  &o)& (v,  S)c’2fi’’[t+Ti

1

[ //

-Qcsl  + V;(v,  t + T:) ~ .Cidjk
d: g~(s  –  s~):~(v,  a)c~z=”[w

] )

*

(42)

,Sil]cc radiation from natural raclio sources is spatially incohcrcnt,  and the noise vo]tagc at

an tenna  i is uncorrcla.tcd  with that  at antenna k, for i #: 1: this rccluccs  to

dl~) =  l:Bc~(Q’,  -6’$k) ]/~~~~i(As)~k(As)~(~)ci2””B’~As  ,  ~+~

(43)
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wl]crc  As = A — So ancl 13ik = (rk — ri)/c, ~~i = q$ — @~t, and 1(S) is the combinccl  brightness

distribution of all sources in the beam. l~or i == k this corresponds to l’~ the single dish power

of the it}’ alltcnna,

(w(v) == l’i(v) =  kB // d:g@)J(6)  +  ki=)!; . (44)

in the above equations 15@i = q$ – @’”, 1 (ii) is the combined brightness distribution of all

sources in the bca,m,  ?; is the noise Lcmpcraturc  of tl)c  ith antenna ant] kB is IIoltzmann’s

collstani.

‘1’hctotal  sllllllllccl]>o~!’crcall  then bcwrittcn

lfwenotct  h a t  thcsynthcsiscd  hcamofthc:arrayis  givcnby

it can be seen that

(47)

‘.l’hc contr ibut ion ofcclcstialsoumcs  totllcs~lllllllc(l  ])o~vcrisgi~’cll  bythcintegral  over  the

sky of the product of the syllthcsizccl  beam and the l~riglltncss  clistribution.  Since for most

arrays the synthcsizccl  beam has  significant side-lolxw, regions of tkc source well away from

&o may make a significant contribution to l)X.

Alternatively, if wc note that the nornzalizcd  source visibility VW on the i-k lmclinc  is

given by

1
Vik == —SJG- - I I

d: gi(As){gk(As)J(  &)ci2T’’nik<As , (4s)



.
. .

WIICWC S = ( cKl(ii).  For tJ)c spccid  case of i = k,

(49)

wl)crc  G’~ is the wciglltccl  average, over the Ijrightncss  distribution, of’ tllc gain  of the ith

antenna. ‘.l’hc summed power can bc written

Separating the contrilmtions  of the target source and the background source gives

C Weighting factors

‘]’llC WCj@tjllg faCtOIW l~~i S]lOLlld bC c]1OSCI1 so as ~0 lllaXjllljZC  the ~atjO G~fl/7$.,  W]lCrC

G~fl and 2$. arc given by ]kluations  (1 G) a.ncl (1 7), rcspcctivc]y. Such  Wi will satisfy the

cond i t i on

(52)

for all i = 1 , . ..~. where G$fl,  l~ff arc given by ltquations  (16) and (17). in the case where

tllc contribution of Sbk~’ld can bc ignorccl,  these conditions can bc rc-wrjttcn  as

(53)

for all ~ = 1 , . ..lV. These Ar ccjuations  clctlcrminc  the AT values of Wj to within an overall

normalization, ancl  it is not harcl to verify tllcy arc satisfied by

(54)



:

.

It is usually convenient to choose the normalization such that

Note that the optimal weighting factors, 14~j, arc not proportional to the signal- to-noise

~Zi~iOS,  ]~,$Nj (SCC  ]kluatio)l  []]).

If the con~ribuiion  of any background sources the systcm temperature of at each antenna,

is accountd  for, but the correlated noise terms arc ignored, the optimal weighting is

If correlated noise tcms arc included there is no silnple  closed-form expression for

weighting factors, but it is straight forward to solve for them numerically if necessary.

lnost  purposes loss of signal-to-noise caused by using ltquation  (56) is insignificant.

(56)

the

For

20



I

r-
6

Teff@(Kelvin)
0 50 100 150 200 250

I

o

1
w

o

Cn

A
o

t I I l “ ’ ’ I ’ ’ ’ ’ 1  ’ ’ ’ ’ 1 ’ ’ ”

CD

>Y
a
<

1 I 1 1 1,,,,11111111111,11

I

0

I
CJl

0

m

2
c

T~ff@(Kelvin)
0 50 100 150 200 250

I

J 1 I 1 I,,,,IIIIIIIIIIIILJ



Teff@(Kelvin)

O 50 100 150 200 250

T~ff@(Kelvin)

O 50 100 150 200 250
1 1 l“’’I’’’’1 ’’’’1’”

. .

;..:... ,

. . .
t

“e

. . > .+
..”

I 1 1 1,,1111111111111111

I

0

I
(n

0

V1

A
0

1 1 1 1 I,, 11111111111  IIILJ
/ ,


